Palmitoylation is a reversible, post-translational modification observed in a number of G-protein-coupled receptors. To gain a better understanding of its role in visual transduction, we produced transgenic knock-in mice that expressed a palmitoylation-deficient rhodopsin (Palm ؊/؊ ). The mutant rhodopsin was expressed at wild-type levels and showed normal cellular localization to rod outer segments, indicating that neither rhodopsin stability nor its intracellular trafficking were compromised. But Palm ؊/؊ rods had briefer flash responses and reduced sensitivity to flashes and to steps of light. Upon exposure to light, rhodopsin became phosphorylated at a faster rate in mutant than in wild-type retinas. Since quench of rhodopsin begins with its phosphorylation, these results suggest that palmitoylation may modulate rod photoreceptor sensitivity by permitting rhodopsin to remain active for a longer period.
Palmitoylation is a covalent, post-translational modification occurring at the C terminus in many G-protein coupled receptors (GPCR) 1 (1) . Up to three cysteine residues located ϳ10 -14 amino acids downstream of the seventh transmembrane domain may be palmitoylated. Although there is no definable consensus sequence (2) , the evolutionary conservation of Cterminal cysteine palmitoylation implicates its importance in GPCR function. In vitro studies of several GPCRs in which the palmitoylated cysteine(s) was mutated have shown changes in G-protein coupling efficiency and selectivity, receptor phosphorylation and desensitization, and cell surface expression and trafficking (1) . However, the effects were highly variable probably due to intrinsic receptor differences and to the utilization of non-native heterologous cell systems.
Rhodopsin was the first GPCR in which palmitoylation was reported (3) . Palmitates, bound to cysteines 322 and 323 through a reversible thioester bond (4) , insert into the membrane and anchor the C terminus of rhodopsin (5, 6) , creating a fourth intracellular domain (Fig. 1 ). Residues in this domain are important for transducin activation (7, 8) . Furthermore, serines and threonines in the C terminus downstream of the palmitoylation anchor are phosphorylated by rhodopsin kinase to terminate rhodopsin activity. Thus, it was logical to examine G-protein signaling activity and receptor phosphorylation in the palmitoylation-deficient rhodopsin mutant.
Here we examine the role of receptor palmitoylation in vivo using the rod-specific GPCR rhodopsin as the subject of study. To achieve this goal, we generated a transgenic mouse line that makes only palmitoylation-deficient rhodopsin. Our studies reveal palmitoylation-deficient (Palm Ϫ/Ϫ ) rods to be less sensitive to light, due to increased rhodopsin phosphorylation.
EXPERIMENTAL PROCEDURES

Generation of Palm
Ϫ/Ϫ Mice-A mouse 129SV genomic library (Stratagene) was used to make a rhodopsin-targeting construct with two modifications, Cys 322 3 Thr and Cys 323 3 Ser, to eliminate both palmitoylation sites (Fig. 1) . The modifications introduced a new SpeI restriction site in the gene, which we used diagnostically for genotypic identification. Presence of the desired mutations was verified by sequencing. The targeting strategy included a tACE-Cre-Neo cassette for self-excision of loxP-flanked cassettes in the male germ line of transgenic mice (9) . J1 embryonic stem cells (10) were electroporated with the targeting construct ( Fig. 2A) and selected with G418 and gancyclovir. The homologous recombinants were identified by Southern blot analysis using the targeting strategy shown in Fig. 2 . We injected targeted ES clones into C57BL/6 blastocysts to generate chimeras. Male chimeras were crossed with C57BL/6 females, and offspring heterozygous for the mutant rhodopsin were interbred to produce mice that were homozygous for the palmitoylation deficiency. Animals were handled in accordance with the guidelines provided by the Association for Research in Vision and Ophthalmology and the Tufts-New England Medical Center Institutional Animal Care and Use Committee. Mice were reared on a 14 h light:10 h dark cycle and used at 4 -6 weeks of age, except where noted otherwise.
Determination of RNA and Protein Expression in Mutant MiceTotal RNA isolation and RT-PCR procedures were performed using an RNeasy mini kit (Qiagen) and Ready-to-go RT-PCR beads (Amersham Biosciences) following the manufacturer's protocols. Rhodopsin cDNA was amplified with an exon 4 forward primer (5Ј-CATCTTCTTCCT-GATCTGCT-3Ј) and an exon 5 reverse primer (5Ј-CTTTCAAGCCA-CAGTCTCTG-3Ј). The PCR products were digested by SpeI restriction enzyme to identify the palmitoylation mutation.
Protein immunoblot analysis was performed to assess the expression levels of rhodopsin and other phototransduction proteins. Extracts were prepared by homogenizing retinas in radioimmunoprecipitation buffer containing 1% Nonidet P-40, 1% sodium deoxycholate, 150 mM NaCl, 2 mM EGTA, and a protease inhibitor mixture (Complete Mini Protease Inhibitor Mixture, Roche Applied Science, Mannheim, Germany). Total protein concentration was determined using the bicinchoninic acid assay (Pierce). Equivalent amounts of proteins were electrophoresed in 10 or 12% SDS-polyacrylamide gels and electrotransferred onto nitrocellulose membranes. Membranes were stained with anti-rhodopsin (1D4, 1:5000) (11), transducin ␣-subunit (T␣1A, 1:1000, a gift from M. Simon, California Institute of Technology, Pasadena, CA), rhodopsin kinase (G8, 1:1000, a gift from K. Palczewski, University of Washington, Seattle, WA), arrestin (C10C10, 1:5000) (12), recoverin (P26, 1:50,000) (13), RGS9 (R4433, 1:5000, a gift from T. Wensel, Baylor College of Medicine, Houston, TX), and ␤-actin (1:1000, Sigma) antibodies and subsequently with goat anti-mouse or anti-rabbit IgG conjugated to horseradish peroxidase (BD Biosciences). Immunodetection was performed using enhanced chemiluminescent substrate (Pierce).
Retinal Histology and Immunohistochemistry-Mouse eyes were marked for orientation, enucleated, perforated at the cornea, and immersed in 4% paraformaldehyde, 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C overnight. Tissues were then dehydrated in a graded series of alcohols and embedded in paraffin. Eyes were bisected along the vertical meridian through the optic nerve head and stained with hematoxylin and eosin for light microscopy. were taken from three to five animals for each genotype at each age. Results from age-matched WT and mutant mice were compared by an analysis of variance.
To analyze rhodopsin localization, retinal sections were incubated in blocking buffer (3% bovine serum albumin, 5% goat serum, and 0.2% Triton X-100 in 0.1 M phosphate buffer solution) for 1 h and then with anti-rhodopsin antibody (1D4, 1:500) at 4°C overnight, followed by the rhodamine-conjugated secondary antibody for 1 h at room temperature.
Single-cell Suction Electrode Recording-Eighteen Palm Ϫ/Ϫ mice and nine WT mice, aged 5-9 weeks, were used for rod photoresponse recordings. A mouse was dark-adapted for at least 12 h the night before the experiment. All tissue preparations were performed under infrared light. Retinas were dissected, put into oxygenated Leibovitz's L-15 medium (Invitrogen) supplemented with 0.1 mg ml Ϫ1 bovine serum albumin (Fraction V, Sigma) and 10 mM glucose and stored on ice until use. A small piece of tissue was chopped finely in L-15 medium containing DNase I (Type IV-S, Sigma) and transferred into an experimental chamber. No corrections were made for the delay introduced by filtering. Light provided by a xenon arc source passing through a six-cavity interference filter (500 nm, Omega Optical, Brattleboro, VT) was used to stimulate the rod. The duration and intensity of the exposure were controlled by an electronic shutter and neutral density filters, respectively.
In Vitro Rhodopsin Phosphorylation-Mice were dark-adapted overnight and retinas were collected under infrared illumination. Rod outer segments (ROS) were purified by flotation on a layered 10%/20% stepped density gradient according to a previously published method (14) . Rhodopsin content was determined spectrophotometrically. ROS preparations were phosphorylated by incubation with (mM): 25 TrisHCl (pH 7.5), 6 MgCl 2 , 1 EDTA, 0.0005 okadaic acid, and 2 ATP under 2000 lux white light at room temperature for various times. Reactions were quenched with SDS-PAGE sample buffer and then the samples were analyzed by 12% SDS-PAGE. The blots were probed with antiphospho-Ser 338 and -Ser 334 rhodopsin antibodies, kindly provided by Dr. D. Williams (University of California, San Diego, CA) (15) . After stripping, the membranes were reprobed with anti-rhodopsin antibody (1D4).
Analyses of Rhodopsin Palmitoylation and Phosphorylation by Mass Spectrometry-To verify the absence of palmitoylation in Palm
Ϫ/Ϫ mice, dark-adapted ROS were prepared from Palm Ϫ/Ϫ and WT mice. Cyanogen bromide fragmentation, high performance liquid chromatography (HPLC) separation, and mass spectrometric mapping of the Palm Ϫ/Ϫ and WT mouse rhodopsin followed methodology published elsewhere (16, 17) .
To quantify the phosphorylation of rhodopsin in vivo, Palm Ϫ/Ϫ and WT mice were dark-adapted overnight, given 0.5% tropicamide and 5% phenylephrine hydrochloride to dilate their pupils and then exposed to white light for 10 min at 500, 1000, or 2000 lux. After illumination, the retinas were isolated and immediately put into 8 M urea. Asp-N digestion yielded C-terminal rhodopsin peptides, which were separated by HPLC and analyzed by mass spectrometry as described elsewhere (17) . Tandem mass spectral data were acquired for the most abundant ion in each mass spectrum for sequence analysis, but for phosphorylation studies tandem mass spectral data were only acquired for rhodopsin phosphopeptides. The mass spectrometer bias against the negatively charged phosphopeptides was corrected (18) , and the average number of phosphates incorporated was calculated with the following formula, where I n corr is the corrected intensity for n, the number of phosphorylations per opsin. The results were subjected to an analysis of variance (analysis of variance, Stata Version 6, StataCorp, College Station, TX), treating light as a continuous variable.
RESULTS
Abrogation of Rhodopsin Palmitoylation in Palm
Ϫ/Ϫ MicePalmitoylation-deficient rhodopsin animals were produced by mutation of the cysteine residues at positions 322 and 323 of rhodopsin to non-palmitoylatable threonine and serine sites, respectively. The mutation introduced a unique SpeI restriction site, which facilitated the identification of germ line transmission of the mutated gene in Palm Ϫ/Ϫ animals by Southern blot analysis (Fig. 2) . Expression of the palmitoylation-deficient rhodopsin mRNA was verified by RT-PCR (Fig. 3A) . nally, the absence of palmitates on rhodopsin protein in Palm Ϫ/Ϫ mice was confirmed by mass spectrometry (Fig. 3B) .
Minimal Retinal Degeneration in Palm
Ϫ/Ϫ Mice-We examined retinal morphology by light microscopy to ascertain whether rhodopsin lacking palmitoylation gave rise to a retinal degeneration. The numbers of photoreceptor nuclei in normal and Palm Ϫ/Ϫ mice gradually declined with age, as judged by ONL thickness (p Ͻ 0.0001), but in Palm Ϫ/Ϫ mice there were fewer nuclei (p Ͻ 0.007). By 12 months of age, Palm Ϫ/Ϫ rod outer segment lengths were shortened slightly, and ONL thickness had decreased by nearly one row of nuclei relative to WT, indicating a loss of about 10% of the rods (Fig. 4, A and B) . Thus, the gross morphology of the retina was minimally affected by the deficiency in rhodopsin palmitoylation.
Palmitoylation-deficient Rhodopsin Showed Normal Expression Levels and Localization-In 4 -8-week-old mice, the quantity of mutant rhodopsin in Palm Ϫ/Ϫ ROS (0.17 Ϯ 0.04 nmol/ retina, n ϭ 22), measured spectroscopically, matched that of WT rhodopsin in control retinas (0.19 Ϯ 0.06 nmol/retina, n ϭ 32). The immunohistochemistry of retinas showed that rhodopsin in Palm Ϫ/Ϫ mice localized to outer segments of rod cells in a staining pattern indistinguishable from that of WT retinas (Fig. 4C) . Therefore the absence of palmitoylation did not substantially alter rhodopsin expression, stability, or transport to the rod outer segment. Other key phototransduction proteins were probed by Western analysis to find out whether their expression had changed. The levels of transducin ␣-subunit, rhodopsin kinase, recoverin, arrestin, and RGS9 in Palm Ϫ/Ϫ retinas were no different from those of age-matched controls (data not shown).
Faster Photoresponse Recovery in Palm Ϫ/Ϫ Rods-Nonpalmitoylated rhodopsin proved capable of G-protein signaling in single cell recordings although there were subtle differences between flash responses of Palm Ϫ/Ϫ and WT rods ( Fig. 5 and Table I ). The rising phase and time to peak of the Palm Ϫ/Ϫ rod response were normal, but recovery was accelerated (Fig. 5C ), which shortened integration time. Palm Ϫ/Ϫ rods were somewhat less sensitive to flashes than WT rods as evidenced by their higher i1 ⁄2 . Reduced sensitivity could have arisen from reductions in quantal response amplitude, rod collecting area, or both. Any reductions in quantal response or in outer segment size were too small to resolve, however. Palm Ϫ/Ϫ rods recovered from bright flashes sooner than did WT rods (Fig. 5,  A and D) . Since the time in saturation increases with flash strength, the briefer saturation period in Palm Ϫ/Ϫ rods reflected a decrease in phototransduction gain at late times after the flash. The average magnitude of the change assessed by the increase in flash strength required to achieve a criterion saturation time of 0.5 s was 1.9-fold, Palm Ϫ/Ϫ rods having the lower gain (Fig. 5D) . Palm Ϫ/Ϫ rods were also 2-fold less sensitive than wild type rods to steps of light (e.g. Fig. 5, E and F) . For the cells recorded, the change in sensitivity to steps followed from their 
TABLE I Light response parameters of WT and Palm
Ϫ/Ϫ
Values given as mean Ϯ S.E. (n). The current circulating in darkness was given by the amplitude of the response to a saturating flash. Single photon response amplitude was estimated by dividing the ensemble variance by the mean response amplitude. Kinetics were determined from dim flash responses whose amplitudes were a fifth of the maximum. Time to peak was measured from mid-flash to the response peak. Integration time was calculated as the integral of the response divided by response amplitude. i1 ⁄2 and I1 ⁄2 are the light strengths giving rise to half-maximal flash and step responses, respectively. Comparisons were made using a t test. ns, not significant. 1.5-fold reduction in integration time and 1.2-fold increase in i1 ⁄2 . Overall, the lowered sensitivity and accelerated recovery kinetics of the responses to dim and bright flashes in Palm Ϫ/Ϫ rods suggests that palmitoylation normally hinders the shutoff of photoexcited rhodopsin activity.
Increased Phosphorylation of Palmitoylation-deficient Rhodopsin-Shutoff of photoexcited rhodopsin begins with its phosphorylation at C-terminal serine and threonine residues by rhodopsin kinase. We assessed phosphorylation in rod outer segment preparations by immunoblotting with two antibodies that selectively recognized phosphoserine residues at positions 334 or 338 of rhodopsin (15) . As shown in Fig. 6, A and B , little phosphorylated rhodopsin was detected by the two antibodies in dark-adapted ROS from either type of mouse. With increasing time after exposure to bright light, mutant and WT ROS showed increases in Ser 334 and Ser 338 phosphorhodopsin, but phosphates accumulated at both sites at a faster rate in Palm Ϫ/Ϫ than in WT ROS. Phosphorylation of rhodopsin at these and other positions was probed further by mass spectrometry. The introduced Cys 322 3 Thr and Cys 323 3 Ser mutation sites were not phosphorylated in the light or in the dark (data not shown). Rhodopsin phosphorylation was not detected at any C-terminal sites in dark-adapted Palm Ϫ/Ϫ or WT retinas. Upon illumination, however, both the Palm Ϫ/Ϫ and WT animals showed mono to triple phosphorylation with involvement of all six C-terminal sites. There was no distinguishing pattern of phosphorylation between the two sets of animals, although the Palm Ϫ/Ϫ animals consistently showed a higher level of phosphorylation. In both WT and Palm Ϫ/Ϫ mice, phosphorylation increased with light intensity (p Ͻ 0.0007). In addition, Palm Ϫ/Ϫ mice had a greater mean number of phosphates per opsin compared with WT mice (p Ͻ 0.0004) (see Fig. 6C ). The increased phosphate incorporation in Palm Ϫ/Ϫ mice arose from a lower proportion of unphosphorylated rhodopsin (p Ͻ 0.0015) and a higher ratio of di-and triphosphorylated rhodopsins relative to the monophosphorylated form (p Ͻ 0.0012). Thus, increased rhodopsin phosphorylation could account for the faster flash response recovery in Palm Ϫ/Ϫ rods.
DISCUSSION
The aim of the present study was to explore the physiological function of rhodopsin palmitoylation in vivo. Toward that end, we created a transgenic mouse that made only palmitoylationdeficient rhodopsin. To avoid phenotypic changes produced by alterations in levels of rhodopsin transgene expression (19, 20) , the palmitoylation sites in the endogenous rhodopsin gene were mutated by homologous recombination. The pair of palmitates on rhodopsin normally insert into the membrane and create a fourth cytoplasmic loop. Although it has been suggested that the absence of palmitates untethers the rhodopsin C terminus, spin labeling studies indicate that the mobility of the rhodopsin C terminus is only very slightly affected (21) . Nevertheless, the palmitates could dictate the folding and arrangement of the cytoplasmic surface. Since this surface possesses an intracellular localization sequence and regions that interact with transducin, rhodopsin kinase, and arrestin (8), absence of palmitates could potentially interfere with rhodopsin translocation and/or G-protein signaling.
Defective receptor palmitoylation has been reported to affect the proper membrane localization of several GPCRs. Palmitoylation-deficient mutants of the luteinizing hormone receptor (22) , the H2 histamine receptor (23), the vasopressin V2 receptor (24), the CCR5 chemokine receptor (25, 26) , and the thyrotropin receptor (27) exhibited reduced cell surface expression in heterologous systems. The underlying mechanisms varied. In the case of luteinizing hormone receptor, the absence of palmitates increased internalization, while for the thyrotropin receptor, delivery to the plasma membrane was delayed. Palmitoylation-deficient rhodopsins did not accumulate intracellularly when expressed in COS cells (28) . In rods of mutant mice, we saw no evidence of rhodopsin accumulation in intracellular compartments other than the outer segment (Fig. 4C) nor were there differences in the levels of rhodopsin in Palm Ϫ/Ϫ retinas at 1 month of age, which might occur if fewer rhodopsin molecules were transported to the outer segment. Therefore, rhodopsin palmitoylation does not appear to be required for rhodopsin synthesis or for trafficking to the outer segment in intact rods.
Palmitoylation has been shown to affect coupling of receptors to G-proteins. For example, loss of all three palmitates on the human endothelin B receptor reduces G q and G i signaling (29) . Activation of transducin increases in retinas treated with 1 M hydroxylamine to chemically depalmitoylate rhodopsin (30) but is not different for rod outer segments treated in a different way to remove the palmitates (7) or for mutant C322T, C323S rhodopsin expressed in COS cells (28, 31) . Perhaps high concentrations of hydroxylamine have nonspecific effects, which impinge on the results. In intact Palm Ϫ/Ϫ rods, the rising phase of the flash response and the time to peak were normal (Fig.  5C ), consistent with normal transducin activation (32) . Opsin with all-trans-retinal bound non-covalently shows reduced signaling activity in the absence of palmitates, suggesting that palmitoylation may impact adaptation after exposures to very bright light (7). This issue was not addressed in our study and warrants further investigation.
A number of GPCRs undergo changes in phosphorylation upon loss of palmitoylation. Basal and agonist-stimulated phosphorylation increase for the A 3 adenosine receptor palmitoylation mutant (33) . With the ␤ 2 -adrenergic receptor palmitoylation mutant, basal (34 -36) and agonist-stimulated (37) phosphorylation levels are much higher, while its ability to couple to G s is lower (34, 35, 37) . The latter effect may be due to hyperphosphorylation because further mutation of two phosphorylation sites restores basal phosphorylation levels and proper coupling of the receptor to G s (36) . A steric regulatory role for palmitoylation is supported by reports that palmitoylation of the rat bradykinin ␤ 2 receptor at Cys 356 and phosphorylation of Tyr 352 are mutually exclusive, suggesting that phosphorylation can only occur upon depalmitoylation (38) . In a heterologous system, light-dependent phosphorylation of rhodopsin lacking palmitate at position 323 was slightly lower than for wild-type rhodopsin, while rhodopsin lacking both palmitates behaved normally (28) . Our immunoblots and mass spectrometric assays indicate that in outer segments, absence of palmitoylation did not lead to phosphorylated rhodopsin in darkness but did promote light-dependent phosphorylation (Fig. 6 ). Phosphorylation and dephosphorylation occur on similar time scales (39) , so our results may include an impaired interaction between Palm Ϫ/Ϫ rhodopsin and phosphatase. Greater phosphate incorporation can explain the faster recovery of the photon response in Palm Ϫ/Ϫ rods. In this regard, there is a striking similarity between the responses of Palm Ϫ/Ϫ rods and those of rods lacking recoverin (40), a Ca 2ϩ -dependent regulator of rhodopsin kinase (41) (42) (43) (44) . In recoverin knock-out rods, the flash response recovers more rapidly probably because a restraint on rhodopsin phosphorylation was removed. But unlike recoverin's action, the impact of palmitoylation does not fade in the presence of background light (45) . Therefore, we propose that by organizing the cytoplasmic face of rhodopsin, palmitoylation prolongs the activity of rhodopsin by attenuating phosphorylation by rhodopsin kinase. Sensitivity to flashes improves slightly, but the main effect is a greater response to step changes in illumination. In contrast to rhodopsin, short wavelength-sensitive opsins bear only a single palmitoylation site on the C terminus, while middle/long wavelength-sensitive opsins have none (46, 47) . The lack of palmitoylation may contribute to the faster phosphorylation in middle/long wavelength-sensitive cones than in rods (48) . Palmitoylation may lose its importance in cones because they operate with fast response kinetics at high light intensities.
